A wide class of nanomagnets shows striking quantum behavior, known as quantum spin tunneling (QST): instead of two degenerate ground states with opposite magnetizations, a bondingantibonding pair forms, resulting in a splitting of the ground state doublet with wave functions linear combination of two classically opposite magnetic states, leading to the quenching of their magnetic moment. Here we study how QST is destroyed and classical behavior emerges in the case of magnetic adatoms, as the strength of their coupling, either to a bath or to each other, is increased. Both spin-bath and spin-spin coupling renormalize the QST splitting to zero allowing the environmental decoherence to eliminate superpositions between classical states, leading to the emergence of spontaneous magnetization.
Understanding how matter, governed by quantum mechanics at the atomic scale, behaves with classical rules at the macroscale is one of the fundamental open questions in physics [1] [2] [3] . One of the most drastic manifestations of the quantum character is found when a system is prepared in a linear combination of two classically different states. In magnetic systems, such a quantum state results in the phenomenon of quantum spin tunneling (QST) [4] , inducing an energy splitting ∆ 0 between the two states with opposite magnetization and quenching its average magnetization.
Attending to the nature of their ground state, nanoscale quantized spin systems can be classified in two groups, see Figs. 1a,b. Type C systems, such as single half-integer spins or antiferromagnetic chains of Ising coupled spins, have two degenerate ground states with wave functions |C 1 and |C 2 that correspond to states with opposite magnetizations. Type Q systems, such as anisotropic single integer spins, have a unique ground state |φ G , as well as a first excited state |φ X , both satisfying
where θ is a phase. Whereas both correspond to quantum spins, only type Q systems depart radically from the classical picture of a nanomagnet because the quantum expectation value φ| S|φ of the atomic spin operator S vanishes identically, and not only in the statistical sense. The two degenerate ground states of type C systems could be prepared in superposition states like (1), but coupling to the environment would rapidly lead to decoherence, restoring the classical behavior with two ground states with opposite magnetization [5] . In contrast, in type Q systems the coherent superposition is built-in dynamically, and it is protected by the energy separation ∆ 0 between |φ G and |φ X , see Fig. 1b . Examples of type Q magnets are found in transition metal impurities in insulators [6] , spin color centers [7] , magnetic molecules [8] and single molecule magnets [4] .
Here we focus on magnetic atoms deposited on conducting surfaces [9] [10] [11] [12] , where scanning tunneling microscopes (STM) can probe the two quantities that characterize quantum or classical behavior: the quantum spin tunneling splitting ∆, which can be measured by inelastic electron tunneling spectroscopy [8, 9, 11] , and their magnetization, accessible through spin polarized STM [13] .
It has been found that diverse magnetic adatoms can be described with the spin Hamiltonian: [4, 9, 11, 14] 
This Hamiltonian yields a type Q spectrum for integer spins S with negative uniaxial anisotropy D < 0 and finite in-plane anisotropy E. In that case, both the nondegenerate ground state |φ G and the first excited state |φ X , split by ∆ 0 ∝ E(E/D) S−1 , satisfy Eq. (1) with |C 1 ≈ |+S and |C 2 ≈ |−S (see Fig. 1a ). This Hamiltonian correctly accounts for the observed dI/dV spectra of Fe adatoms on Cu 2 N/Cu(100) [9] , Fe Phthalocyanine (FePc) molecules on CuO/Cu(110) [8] and Fe adatoms on InSb [11] (with S = 2 for Fe/Cu 2 N and S = 1 for the others). In these three systems the dI/dV spectra reveal finite quantum spin tunneling between |φ G and |φ X and a null magnetic moment can be expected.
Spin polarized STM magnetometry on short chains of Fe atoms on Cu 2 N/Cu(100) are not able [15] to detect magnetic moment, consistent with a type Q behavior and the observation of QST splitting on the single atom. Intriguingly, longer chains display a spontaneous atomic magnetization, in the form of antiferromagnetically aligned Néel states [15] . This paper is devoted to understanding how the conventional classical picture of a magnet with two equiva- lent ground states with opposite magnetization emerges for type Q magnetic adatoms. We discuss two independent mechanisms: Kondo exchange, that operates even for a single magnetic adatom, and interatomic exchange. The driving factor in both cases is the quenching of the QST splitting so that the dressed type Q system becomes effectively a type C exhibiting two classical degenerate ground states.
We consider first Kondo exchange in the the weak coupling regime, where the magnetic adatom spin preserves its identity and the Kondo singlet has not been formed. In that limit, perturbation theory [16] predicts that Kondo exchange produces both a broadening Γ and a shift of the atomic spin excitations, in agreement with experiments [17, 18] . Both quantities are proportional to the dimensionless constant (ρJ) 2 , the product of the density of states ρ of the surface electrons and the Kondo exchange J. Here we go beyond perturbative theory and show that a sufficiently large ρJ quenches completely the QST. To do so, we assume that the separation of the ground stated doublet from the higher excited states is larger than all relevant energy scales, such as thermal energy or the QST, so that we truncate the Hilbert space keeping only the two lowest energy states, |φ G and |φ X . Hence, defining a pseudo-spin 1/2, with Pauli matrices τ , the atomic spin operator represented in this space takes the form:
This means that the exchange coupling acts only through the S z -conserving (Ising) channel, which prevents the formation of a Kondo singlet, but creates a pseudo-spin flip in the space of |φ G and |φ X . As a consequence, the Kondo Hamiltonian projected in the (φ G , φ X ) subspace has the form
where j = J φ G |Ŝ z |φ X . This Hamiltonian is known as the Ising-Kondo model in a transverse field [19] .
For a point scatterer, conduction electrons can be described as one dimensional fermions, which permits making use of the bosonization technique [20] where charge and spin densities are represented in terms of bosonic operators b k , b † k [21, 22] . This allows mapping the original Kondo model for the type Q spins into the spin-boson (SB) Hamiltonian with an Ohmic spectral density [22, 23] 
where v F is the Fermi velocity, L is the size of the system, and ω c is the bosonic energy cut-off. Here the first term describes the QST of the bare magnetic atom, the second the surface electrons, and the third term accounts for the Kondo interaction. The constant α = (ρJ) 2 | φ G |S z |φ X | 2 plays a key role in the SB model (see Supplemental information for details).
The SB Hamiltonian is a paradigm model to describe a quantum to classical phase transition induced by environmental decoherence [22] . The transition is driven by the competition between QST (with strength ∆ 0 ), which favors the mixing of states with opposite S z , and the Kondo coupling (with strength α) that favors localization of the system in one of the two states with S z = ±S. The SB model yields the following non-perturbative result for the renormalization of the QST splitting ∆ at zero temperature [22, 24] :
where Θ is the step function. Hence, increasing α decreases ∆/∆ 0 exponentially fast, as shown in Fig. 2 vanishing completely when α ≥ 1. This point marks a zero-temperature quantum phase transition beyond which quantum tunneling is suppressed. Importantly, IETS measurements permits inferring α. The full width at half maximum W 2,1 of the peak (or dip) in the experimental d 2 I/dV 2 , corresponding to the |φ 1 → |φ 2 transition, is related to the intrinsic relaxation rate Γ 2,1 / via [25] 
where V AC is the modulation voltage in the applied bias. In addition, and within perturbation theory, the exchange-induced energy broadening Γ 2,1 is given by [16] 
where ∆ 21 is the energy of the transition and n B is the thermal Bose factor. Thus, from the experimental results we find that, while Fe on Cu 2 N/Cu(100) has α < 0.1 and a finite ∆, Fe on Cu(111) has α ≈ 2, leading to ∆ = 0 even if symmetry-breaking effects or higher-order anisotropy contributions remove the degeneracy caused by the C 3v symmetry [12, 26] of the surface. In the SB model at finite temperature, spin Rabi oscillations, and therefore the existence of non-degenerate superposition ground states, are suppressed when ∆/(k B T ) 2α [22] . This enables to place the experimental observations in a phase diagram (α, ∆/k B T ), shown in Fig. 3 , separating quantum and classical regions.
We now address the emergence of classical behaviour in chains of spin-coupled atoms. Sufficiently long chains of Fe atoms present classical behaviour (type C) with two [8] , (c) Fe atoms on Cu2N/Cu(100) [9] , and (d) Fe dopants on InSb(110) [10] . Measured type C systems, where ∆ could not be determined experimentally, are shown over the horizontal axis: (e) Fe atoms on Cu(111) [11] , and (g) and (f) Fe atoms on Pt(111) [12] .
degenerate Néel states, whereas isolated Fe atoms show QST [15] . Here Fe-Fe exchange causes a renormalization of the QST splitting even in the absence of Kondocoupling to the substrate conduction electrons. We use the following Hamiltonian for N spins:
where the first term describes the single ion Hamiltonian of Eq. (2) for each Fe, and the second their antiferromagnetic exchange (J H > 0). When acting independently, both terms yield a unique ground state without spontaneous magnetization. However, their combination gives non-trivial results. This can be first seen using the same truncation scheme of the single atom case, keeping only 2 levels per site. Hamiltonian (7) then maps into the quantum Ising model with a transverse field (QIMTF) (more details in Supplementary information):
where
This model can be solved exactly and presents a quantum phase transition in the thermodynamic limit (N → ∞), separating a type C from a type Q phase. In terms of the dimensionless parameter g ≡ 2j H /∆ 0 , the transition occurs at g c = 1 [27] .
For g < 1 the spin chain is in a quantum paramagnetic phase with a unique ground state and τ x (n) = Ŝ z (n) = 0. For g ≥ 1, it is in a magnetically ordered phase, with 2 equivalent ground states with staggered magnetization, τ
n . In this thermodynamic limit, the QST is renormalized by the interactions according to [27] 
This result shows that, as in the case of Kondo exchange in Eq. (5), interatomic exchange also renormalizes QST, and when sufficiently strong, suppresses it completely. However, direct application of Eqs. (8) and (9) is not possible for systems where exchange and anisotropy are of the same order, J H ∼ |D|, preventing the use of the mapping to an Ising model. Instead, we compute the eigenstates of Hamiltonian (7) numerically, and compare with those of finite size chains of the QIMTF (Fig. 4) . In both systems we find the same phenomenology: both the ground and first excited states, |φ G and |φ X , satisfy Eq. (1) with |C 1 and |C 2 being classical Néel-like states, and the next excited states lie much higher in energy. Importantly, it is still true that the QST splitting is renormalized by the interatomic exchange (inset of Fig. 4a ).
Crucially, for the observed value J H = 0.7meV [15, 28] , the quenching of ∆ increases exponentially with the size of the chain (Fig. 4b) . In rigor, interatomic exchange in finite chains renormalizes the QST to a tiny but finite value (see Fig.4) . Therefore, the observed [15] emergence of classical behavior is probably assisted as well by the Kondo coupling. Using results from second order perturbation theory, one finds that the Kondo-induced decoherence rate of a chain of N spins is
For instance, the N = 8 Fe chain of Ref. [15] leads to ∆/( T −1
2 ) 10 −6 at T = 0.5 K, indicating that the Fe chain will be in the decohered type C state. Thus, the combination of interatomic exchange, that reduces almost down to zero the QST of the monomer, and the enhanced spin decoherence of the chain due to Kondo exchange with the substrate, lead to the emergence of classical behaviour of the finite size spin chains.
Our results provide a general scenario for the emergence of classical magnetism in quantum spins systems that have a unique ground state superposition of classical states with opposite magnetizations. A sufficiently strong coupling to either the itinerant electrons or to other localized spins, leads to a phase with a doubly degenerate ground state where classical behaviour appears. Using experimentally verified coupling strengths we find that this transition can occur for small ensembles of interacting atoms (N < 10) or even individual atoms. Hence, [15, 28] (the diamond marks the experimental condition where g ≈ 27). (c) Chain size dependence of ∆ in the QIMTF for Ising spin coupling, for g = 0.5 < gc (weak size dependence), and g = 1, 2 (exponential dependence that leads to a type Q ground state for large N ). Inset: size dependence of ∆ for Hamiltonian (9) with the experimental parameters [15, 28] , showing an exponential dependence analogous to the Ising case with g > 1 (type C system).
the classical phase in nanomagnets appears as a quantum phase transition to a quantum decohered phase.
